Abstract Lactic acid bacteria (LAB) were isolated from rotifer cultures in a marine hatchery to search for potential probiotics for marine animals. Fifteen strains were first selected among a total of 55, according to antibacterial activity against Vibrio sp. Among eight strains identified as Lactobacillus casei, four were highly adhesive, suggesting some ability for surface colonization. The other strains were identified as Lactobacillus plantarum, Lactobacillus dextrinicus, and Leuconostoc sp. To validate probiotic potential, Artemia were challenged against pathogenic Vibrio alginolyticus, with or without one of six selected LAB strains. The six strains protected Artemia against the pathogen, to some extent on condition that nutrient enrichment was provided. La. casei BR51 and X2 were preferred, as they were efficient even in the absence of nutrient supply. La. casei X2 was finally selected as candidate probiotic, due to the best growth performances of Artemia, with or without the pathogen. 
virulence factor, and tested for adhesiveness to abiotic surfaces. Fjellheim et al. (2010) stressed the importance to combine such methods of screening in vitro with testing in vivo, and the potential of the strains as probiotics was further investigated with a bioassay on Artemia, which was already applied to Bacillus sp. by Mahdhi et al. (2012) .
Materials and methods
Antimicrobial activity of the LAB isolates LAB were isolated from cultures of Brachionus plicatilis in the larval rearing facilities of Ifremer, Centre de Brest. Fifty-five isolates selected after their distinct phenotypic characteristics were tested with an agar well diffusion method, as described by Reinheimer et al. (1990) . The bacteria chosen as pathogenic indicators were Vibrio alginolyticus (ATCC 17749; ATCC 33787) and Vibrio parahaemolyticus (ATCC 17802). Six other putative pathogenic isolates were also tested, after characterization as V. alginolyticus (32J; 30J; 55J) and V. parahaemolyticus (53V; 12pv; 30v) with API 20E strips (Bio-Mérieux). The indicator strains were reactivated overnight in tryptic soy broth (TSB) at 30°C and then grown for 24 h on agar (TSA) at 30°C. The colonies from pure culture were suspended in 10 mL of physiological medium and well mixed for 5 min. The suspensions were spread in new TSA plates (1 mL per plate), which were let dry at 27°C for 15 min. A sterile 7-mm-diameter cork borer was used to cut uniform wells in the agar. The LAB isolates were grown in MRS broth for 24 h at 37°C, and after centrifugation and filter sterilization (0.2 lm), 70 lL of the spent culture media was introduced into the wells of the test plates. All the assays were carried out in triplicate. The plates were held at 4°C for 2 h and then incubated at 30°C. The diameters of the clear zones around the wells were measured after 24 h of culture.
Biochemical characterization of the selected LAB
The isolates that presented antagonistic activity were characterized by Gram stain, motility, indole production, spore forming, catalase, and oxidase activity. Salinity tolerance was evaluated on MRS broths containing 2, 3, and 6 % NaCl. Exoenzyme production was tested on MRS agar, to which one of the following substrates was added: 0.2 % (wt vol -1 ) starch for amylase, 1 % (wt vol -1 ) skim milk for caseinase, 1 % (wt vol ) fish blood for hemolysin (Ben Kahla-Nakbi et al. 2007 ). The enzymatic activities were further characterized with the API Zym System (Bio-Mérieux) as described by Papamaloni et al. (2002) .
Adherence assay LAB strains that were cultured in MRS broth were characterized for their ability to form biofilm with a semiquantitative adherence assay in 96 polystyrene microplates according to Chaieb et al. (2007) , with some modifications. An overnight culture in MRS broth at 37°C was diluted hundredfold with 2 % glucose in MRS solution (wt vol -1 ). Aliquots of 200 ll of the cell suspensions were transferred to U-bottomed 96-well microtiter plates (Nunc, Roskilde, Denmark). Each strain was tested in triplicate. Wells with sterile MRS alone were used as controls. The plates were incubated aerobically at 37°C for 24 h. The supernatant was discarded, and the wells were washed twice to remove the nonadherent cells with PBS (7 mM Na2HPO4, 3 mM NaH2PO4, 130 mM NaCl; pH 7.4). The plates were dried in inverted position. Adherent bacteria were fixed with 95 % ethanol and stained for 5 min with 100 ll of crystal violet solution (1 %, Merck). The wells were washed and poured off three times with 300 ll of sterile distilled water, and then the plates were air-dried again. The optical density of bacteria at 570 nm (OD570) was measured with an automated Multiskan reader (Gio de Vita E C., Italy). Adhesion ability was interpreted as highly positive (OD570 C 1), moderately to weakly positive (1 [ OD570 [ 0.1), or negative (OD570 B 0.1).
Phylogenetic characterization
The LAB were cultivated in MRS agar and incubated at 37°C for 24 h. The colonies were collected, and DNA was extracted as described by Lambert et al. (1998) , with some modifications (Supplementary Material, Fig. S3 ). To characterize the amplicons by amplified ribosomal DNA restriction analysis (ARDRA), aliquots of each PCR product were treated with two restriction enzymes, HaeIII and CfoI (Gatesoupe 2002) . One isolate per each dominant cluster was selected and purified with PCR Clean-Up System kit (Amersham Biosciences, NJ, USA) before partial sequencing the 16S rRNA gene (partial sequences of 896-1,037 bp from primer SA-dir) by MilleGen Biotechnologies (Labège, France). The nucleotide sequences obtained were checked with a sequence alignment editor (BioEdit), and homologies were searched with BLAST (NCBI). The sequences were deposited in the EMBL nucleotide sequence database.
Challenge test of candidate probiotics with Artemia
Experiments were performed with Artemia franciscana cysts, originating from Great Salt Lake, Utah, USA (EG Ò Type, INVE Aquaculture NV, Belgium). Artemia cysts were decapsulated as described by Sorgeloos et al. (1977) . Decapsulated cysts were washed nine times with filtered and autoclaved seawater (FASW) over a 50-lm sterile filter net. Washed decapsulated cysts were transferred to a sterile falcon containing 30 mL of FASW. The falcon was placed on incubator shaker (28°C, 120 rpm) and exposed to constant incandescent light. After 18-20 h, ten axenic nauplii were picked up and transferred to sterile falcons containing 30 mL of FASW. All manipulations were carried out under sterile conditions according to Marques et al. (2004) .
The bacterial suspension was added at a density of 10 6 and 10 7 colony-forming units mL -1 for the candidate probiotic and the pathogen, Vibrio alginolyticus E3 (ATCC 17749), respectively. Each treatment consisted of three sterile 60-mL falcons. To evaluate the effect of the LAB strains on Artemia, six series of six tests were applied. Each series corresponded to one strain selected for the challenge: 611, BR743, BR51, X2, BXI, and B31. The series included six conditions of culture: (1) axenic Artemia (Art axe); (2) gnotobiotic culture with the test LAB; (3) culture with the test LAB and a sterilized commercial enrichment product (Red Pepper, Bern Aqua); (4) simple challenge with V. alginolyticus (Art ? VA); (5) challenge with VA in the presence of the test LAB; and (6) challenge with VA in the presence of the test LAB and the enrichment product. The tests lasted 6 days. The commercial enrichment (27.6 lg mL -1 ) and the candidate probiotic were added daily from day 1 to day 3. The pathogenic Vibrio strain was inoculated once at day 3.
During the challenge tests, the percentage of survival was calculated by counting the number of swimming larvae. At the end of each experiment, Artemia were fixed with Lugol's solution to measure their individual length under binocular magnifying glass fitted with a micrometer (Nikon Eclipse 50i, Japan). The absence of bacteria in the axenic group was monitored at the beginning and at the end of each run of the procedure.
Statistical analysis
Normal distribution and homoscedasticity were obtained in Artemia survival (%) and length with arcsine and square-root transformation, respectively. The differences between means were compared by analysis of variances and Fisher's test of protected least significant difference by using Statview software package.
Results

Bacterial characterization and antimicrobial activity
Among the 55 strains of LAB examined for antibacterial activity, 15 were selected for their strong antagonism to Vibrio sp. (Table 1 ). The diameters of the inhibition zones corresponding to the 15 strains were variable, depending on the indicator strain, but the average was around 13-14 mm for every LAB, except for strain TGO, which appeared poorly antagonistic to some biovars, with the highest cell-free supernatant pH (4.5). With the other strains, however, there was not obvious relationship between antagonistic activity and pH range (3.9-4.3; Table 1) .
A second step of selection was done with the plate test for adhesion. Four strains were highly adhesive to polystyrene, with scores between 1.04 and 1.12 (X6, X4, X2, and O32, Table 1 ), while four other strains were moderately adherent, and the remaining seven strains were weakly or not adherent.
The 15 LAB were also checked for general phenotypic characterization. All the strains were Gram positive, indole negative, catalase negative, nonmotile, and nonspore forming. They grew on MRS broths supplemented with 2, 3, and 6 % NaCl, except strain TGO with 6 % NaCl. They produced caseinase, but they did not produce amylase, lipase, lecithinase, and hemolysin. The enzymatic activity profiles were discriminated with the API Zym System (Supplementary Material, Table S1 ). The similarity of the enzymatic profiles was estimated after Bray-Curtis index. The highly or moderately adherent strains gathered in the same cluster, while the weakly or not adherent strains were retrieved in a second cluster, except TGO that presented the most dissimilar profile (Supplementary Material, Fig. S2 ).
Bacterial identification
The genotypes of the 15 LAB were characterized by the restriction profiles that were obtained with HaeIII and CfoI (Supplementary Material, Fig. S3 ). Based on this screening, seven strains were selected for sequencing, in comparison with Lactobacillus plantarum B3G, which was previously tested on turbot larvae (Gatesoupe 1994 ; Table 2 ). The restriction fragments delineated a main cluster including strains B3P and X2 (Supplementary Material, Fig. S4 ), while strain BR743 was less similar. The main cluster corresponded to Lactobacillus casei, and strain BR743 corresponded to Lactobacillus dextrinicus (Haakensen et al. 2009 ). A second cluster included strain 611, identified as La. Plantarum, and less similar strains: Leuconostoc mesenteroides B31, Leuconstoc sp. TGO, and La. casei BR51, the ARDRA profile of which was apparently dissimilar from those 4.00 14.6 ± 0.5 14.0 ± 0.0 14.3 ± 0.5 12.3 ± 0.5 13.0 ± 0.5 12.6 ± 0.5 14.6 ± 0.5 15.0 ± 1.0 12.6 ± 0.5 13.7 ± 1.0 1.12 ± 0.11 X4 3.96 14.0 ± 0.0 13.6 ± 0.5 15.0 ± 0.0 14.3 ± 0.5 14.6 ± 0.5 13.3 ± 0.5 13.0 ± 0.0 17.0 ± 1.0 13.6 ± 0.5 14.0 ± 0.6 1.07 ± 0.13 X2 3.93 14.0 ± 0.0 14.6 ± 0.5 14.3 ± 0.5 13.3 ± 0.5 14.6 ± 0.5 13.6 ± 0.5 13.3 ± 0.5 15.0 ± 0.0 13.6 ± 0.5 14.3 ± 1.2 1.08 ± 0.10 O32 3.94 14.3 ± 0.5 14.0 ± 0.0 13.0 ± 0.0 13.3 ± 0.5 13.0 ± 0.5 13.0 ± 1.0 13.6 ± 0.5 14.6 ± 0.5 13.3 ± 0.5 13.6 ± 0.6 1.04 ± 0.05 BR51 3.97 15.0 ± 1.0 14.0 ± 0.0 13.0 ± 1.0 13.3 ± 0.5 12.6 ± 0.5 13.0 ± 1.0 12.6 ± 0.5 14.6 ± 0.5 12.0 ± 1.0 13.3 ± 1.0 0.93 ± 0.02 X5 4.07 14.6 ± 0.5 13.6 ± 0.5 14.6 ± 0.5 13.3 ± 0.5 13.3 ± 0.5 12.6 ± 0.5 14.6 ± 0.5 15.6 ± 1.1 12.6 ± 0.5 13.9 ± 1.0 0.84 ± 0.09 F2P 3.97 15.0 ± 0.0 13.6 ± 0.5 14.0 ± 1.0 12.0 ± 1.0 12.6 ± 1.0 13.6 ± 0.5 13.3 ± 0.5 15.6 ± 1.1 12.6 ± 0.5 13.6 ± 1.2 0.76 ± 0.02 B3P 4.27 15.3 ± 0.5 13.3 ± 0.5 15.0 ± 0.0 14.0 ± 1.0 13.6 ± 1.0 13.3 ± 0.5 14.0 ± 1.0 15.0 ± 1.0 12.3 ± 0.5 14.0 ± 1.0 0.74 ± 0.07 B31 4.13 15.6 ± 0.5 13.3 ± 0.5 14.3 ± 0.5 13.3 ± 0.5 13.0 ± 0.5 13.3 ± 0.5 13.3 ± 0.5 14.3 ± 0.5 12.0 ± 1.0 13.6 ± 1.0 0.22 ± 0.01 BR743 3.91 14.0 ± 0.0 13.6 ± 0.5 14.3 ± 0.5 14.3 ± 0.5 14.6 ± 0.5 13.3 ± 0.5 14.0 ± 1.0 15.3 ± 0.5 13.3 ± 0.5 14.1 ± 0.6 0.11 ± 0.02 BR611 4.02 10.3 ± 0.5 10.6 ± 0.5 15.3 ± 0.5 12.6 ± 0.5 13.0 ± 0.5 9.3 ± 0.5 14.6 ± 0.5 17.0 ± 1.0 13.0 ± 1.0 12.9 ± 2.5 0.09 ± 0.02 611 3.88 14.0 ± 0.0 14.0 ± 0.0 15.0 ± 1.0 14.6 ± 0.5 14.6 ± 0.5 13.3 ± 0.5 15.0 ± 1.0 15.6 ± 1.1 13.6 ± 0.5 14.4 ± 0.7 0.08 ± 0.02 XIG 3.90 14.6 ± 0.5 13.6 ± 0.5 14.0 ± 1.0 12.3 ± 0.5 12.3 ± 0.5 13.0 ± 0.0 14.3 ± 0.5 16.0 ± 1.0 13.0 ± 0.0 13.7 ± 1.2 0.08 ± 0.03 BXI 4.03 15.6 ± 0.5 13.6 ± 0. Artemia survival and growth
A mortality peak was observed in axenic Artemia at day 5, without any survivor at day 6 (treatment Art axe; Fig. 1 ). When LAB were not introduced in the culture medium during the first 3 days, the inoculation of V. alginolyticus at day 3 advanced the mortality peak at day 4 (treatment Art ? VA). In the absence of nutrient enrichment, mean survival rates of 30 and 20 % were obtained at day 6 in the groups treated for the first 3 days with La. casei BR51 and X2, respectively. An average of 10 % survival was also observed at day 6 with Le. mesenteroides B31, but without significant difference with the other cultures that resulted in total mortality in the absence of nutrient supply. The addition of nutrient enrichment increased dramatically the survival of Artemia, which was maintained between 100 and 90 % at day 6 with five of the six LAB strains tested without the pathogen. The survival at day 6 was only 50 % in the group treated with La. Plantarum 611 and the enrichment mix. In the trials with one LAB and V. alginolyticus, but without enrichment, the mortality peak was delayed in comparison with the group Art ? VA. The most significant differences were observed at day 5, as survival was still 60 % with La. casei BR51, and 30 % with La. casei X2 or with La. dextrinicus BR743 (Supplementary Material, Table S5 ). However, every challenge test without enrichment resulted in total mortality at day 6. By contrast, the enrichment supply maintained the survival at day 6 between 15 and 50 % in the challenges including one of the LAB -611, B31, BXI, BR51, BR743, and X2, by growing order of survival. Under axenic conditions, the mean length of dead Artemia at day 6 was 0.41 ± 0.02 mm (SD). Growth was stimulated by the introduction of bacteria, even V. alginolyticus, which induced a slight growth gain compared to the axenic control (0.52 ± 0.03 mm). The growth was further increased with LAB (between 0.67 ± 0.01 and 0.85 ± 0.01 mm with BR51, X2, B31, BXI, BR743, and 611, by growing order). The mean weights were significantly different a Lactobacillus plantarum B3G was added as a reference strain, which was previously tested (Gatesoupe 1994) b Sequence 100 % identical with that of strain B3P on a read length of 913 bp Table S6 ). The addition of nutrient enrichment to LAB raised the growth of Artemia between 0.93 ± 0.02 and 1.11 ± 0.01 mm with BXI, BR743, B31, BR51, 611, and X2, by growing order. In the presence of V. alginolyticus, the six LAB strains increased growth between 0.65 ± 0.08 and 0.85 ± 0.01 mm with BXI, 611, B31, BR51, BR743, and X2 by growing order. The addition of nutrient enrichment to the challenges with one LAB and the pathogen further increased growth between 0.78 ± 0.01 and 0.93 ± 0.02 mm with BR51, B31, BR743, BXI, 611, and X2 by growing order (Fig. 2) .
Discussion and conclusion
The selection of candidate probiotics among LAB isolated in the hatchery appeared feasible with the simplified screening process that was derived from the scheme proposed by Vine et al. (2006) . The production of antimicrobial compounds in LAB cell-free supernatants was tested by diffusion on agar plate cultures of pathogenic Vibrio sp. A variety of strains were thus selected, most of them belonging to the genus Lactobacillus, with representatives of three species, La. casei, La. dextrinicus, and La. plantarum. Two selected isolates belonged to the genus Leuconostoc, but strain TGO was less antagonistic to some test pathogens. The nature of the antimicrobial compounds was not characterized in this study. Most antimicrobial activities of LAB are due to organic acids (Reinheimer et al. 1990 ) and consequent lowering pH (Tejero-Sariñena et al. 2012 ), but hydrogen peroxide and bacteriocins are also produced (Dimitonova et al. 2007 ). The second step of the selection process was the adhesion test to abiotic surface, which may indicate the potential of LAB to colonize the gut and to further antagonize pathogens (Servin and Coconnier 2003) . The strains identified as La. casei were adherent except BX1, while the others were weakly or not adherent, except La. plantarum sp. O32 that appeared strongly adherent.
The survival of LAB in seawater is an important factor for candidate probiotics in marine larviculture (Vazquez et al. 2003) . All the selected strains grew at 2-6 % NaCl, except Leuconostoc sp. TGO that could not grow at 6 % NaCl. Abriouel et al. (2012) showed that most Lactobacillus and Leuconostoc strains can grow at 6.5 % NaCl. The enzymatic profiles matched generally with the characteristics of the species La. plantarum (Samolada et al. 1998) and La. casei (Charteris et al. 2001) , while confirming the atypical phenotypes of strains BXI and O32, whose distinctive adhesiveness was already noted. The genotypic characterization by ARDRA indicated that these two strains belonged to La. casei and La. plantarum, respectively. Surprisingly, the ARDRA profile of strain BR51 appeared close to those of La. plantarum, though the partial nucleotide sequence of its 16S rRNA gene was identical to that of La. casei B3P, likely due to artifact. The genera Lactobacillus and leuconostoc are recognized as safe, and the attention to virulence factors was limited to check the absence of hemolysin.
LAB are known to produce extracellular products that can inhibit the growth of V. alginolyticus in Artemia cultures, likely in synergy with organic acids (Villamil et al. 2003) . To further validate the probiotic potential, LAB strains were tested on Artemia. Six strains were selected as representatives of the species and biovars, and they protected Artemia against V. alginolyticus, to some extent on condition that nutrient enrichment was provided. The beneficial effect of the enrichment was likely independent from that of the probiotic, as the fatty acids and vitamins brought by the feed are required by Artemia, but not by LAB. La. plantarum 611 was the least efficient strain, and Artemia survived less well with this strain, compared to the others. La. plantarum was ruled out, even though strain B3G improved survival in turbot larvae that were challenged against pathogenic Vibrio sp. in a previous experiment (Gatesoupe 1994) . In the present screening bioassay, the other LAB were equivalent in terms of survival of enriched Artemia. La. casei BR51 and X2 were preferred, as they were efficient even in the absence of nutrient supply. La. casei X2 was finally selected due to the best growth performances of Artemia, with or without the pathogen.
These results confirmed the usefulness of screening strategies for rational selection of candidate probiotics (Vine et al. 2006; Fjellheim et al. 2010; Mahdhi et al. 2012 ). The present selection process was followed by an application to sea bass larvae (Lamari et al. 2013) . La. casei X2 appeared efficient to promote growth in fish larvae, but the incidence on conformation was detrimental, compared to the results obtained with commercial probiotics. Consequently, the present way of selecting candidate probiotics may be valid, but the final evaluation in hatchery conditions remains critical.
